Abstract-Nanostructured membranes with precisely engineered nanopores were fabricated on a thin silicon nitride membrane, using a combination of bulk micromachining and focused-ion-beam drilling. These membranes are designed to preserve microscale blood channel dimensions, thereby permitting the red cell shape change that enhances gas exchange in the pulmonary capillary. The membranes were tested for their mechanical stability and the results were verified with finite element analysis. Initial studies have proven the membranes to be robust, and capable of withstanding pressures typically experienced in blood oxygenator channels. A novel MEMS-based blood oxygenation system employing the nanoporous membranes is also presented. The oxygenation system is designed to have controlled blood and gas volumes for efficient blood oxygenation.
I. INTRODUCTION
Current microporous membranes used in clinical blood oxygenators are of relatively large size and bulky. Despite the recent introduction of barrier coatings and other improvements, these membranes reduce oxygenation efficiency, and still permit water influx into the gas space that reduces gas exchange in long-term procedures. A structured nanoporous membrane would serve as a more effective barrier to water influx, thereby improving long term pulmonary support in procedures such as extracorporeal membrane oxygenation. Here we discuss the fabrication and testing of silicon nitride based nanoporous membranes.
II. COMPARISON OF MEMBRANE TO NATURAL LUNG
A comparison of the natural lung to a currently used membrane oxygenator is made in Table I . The first parameter considered is the area of the membrane between the blood and oxygen-rich gas, across which gas exchange takes place. In the natural lung, this surface area of interaction is variable, but can reach 70 m 2 , which is almost 18 times the maximum capacity of the membrane oxygenator. The second parameter is the blood path width, which defines the tiny blood channel across which gas exchange occurs. In the natural lung, this is 8µm. Such a small channel width induces the oxygen carrying red blood cells (RBC) to change from an ellipsoidal shape to a parachute shape, enabling more efficient gas exchange, since the reconfigured RBC membrane sweeps along the natural lung membrane. In the membrane oxygenator, this blood path width is 200 µm. This high value does not induce RBC shape change, and requires a large gas diffusion path, unnecessarily increasing resistance to the oxygenation of RBC. The length of this blood channel in the membrane oxygenator is 250,000 µm. This excess length is required to ensure that the RBC is oxygenated completely in the inefficient channel. In the natural lung, the length of blood channel is about 200 µm, three orders of magnitude less than that of the membrane oxygenator. The thickness of the membrane is in the order of 0.5 µm in the natural lung, greatly reducing the resistance to gas transfer. In contrast, the thickness of the oxygenator membrane is in the order of 150 µm, greatly increasing the resistance to gas permeation, thus further reducing the efficiency. As result, the oxygen transfer rate of the natural lung is 5 times greater than that of the membrane oxygenator. The comparison of the membrane oxygenator to the natural lung made in the earlier section clearly indicates several shortcomings typical of currently used oxygenators. These limitations can be overcome using microfabrication techniques, such that one can better mimic the workings of the natural lung. For instance, the blood path width of 8 µm can be achieved using surface micromachining. The thickness of the membrane can be reduced to approximately the size of the natural lung by thin film deposition techniques. The area of interaction between the blood and gas channels can be maximized by surface and bulk micromachining processes. Thus, by fabricating an environment closer to that of the natural lung, blood oxygenation efficiency can be improved considerably. Figure 1 depicts the electrical analogy of the gas exchange mechanism. The left side of the figure indicates the respective series resistances to gas exchange of the blood channel, R b , the membrane, R m , and the gas channel, R g . The voltage applied on the electrical side is analogous to the partial pressure difference for oxygen in the oxygenator gas. When we compare currently used blood oxygenators to the microfabricated oxygenator, we find that R b, the principal resistance to oxygen exchange, is considerably reduced as explained previously. R m is low in the microfabricated oxygenator, owing to a high nanopore density and small membrane thickness, in the order of 1-2 µm. It is likewise low in current oxygenators because of larger micropores in thicker (~150 µm) membranes. Gas resistance R g is negligible in both cases.
IV. FABRICATION OF TEST MEMBRANES
Silicon nitride based nanoporous membranes were fabricated as shown in Figure 2 . Steps of fabrication are described below. LPCVD Si 3 N 4 is deposited on a (100) silicon wafer, followed by patterning of windows on the backside to allow complete bulk-micromachining of the Si wafer. Anisotropic etching of Si is done in 30% KOH to form Si 3 N 4 membranes on the front side of the wafer. The die used for fabrication of the test membranes consisted of square and rectangular features with dimensions as shown in Table II . It can be seen that the etch depth depends on the smallest dimension. SEM images of membranes formed are shown in Figure 3 . The pores were drilled on the membrane using a Focused Ion Beam (FIB) system coupled with Nanometer Pattern Generation System (NPGS). The CAD file, which was the input for the NPGS system, consists of an array of dots with different dimensions, which are transformed as pores on the membrane by the FIB system. The membrane was modeled for different porosities with different pore diameters. The diameter of the pores was varied from 50 nm to 1500 nm with porosities ranging from 5 % to 40 %. The number of holes (N) for each porosity (P) depends on the area of the membrane A m , and area of a single pore A p N = A m * P/A p
(1) Figure 4 shows the number of pores as a function of porosity. Prior to FIB, the membranes were sputtered with a 10 nm thickness layer of gold. This was to reduce the charging effect caused by the Ga + ions when the pores are drilled. The fabricated membranes were placed inside the high vacuum chamber of the FIB system. After placing the sample carefully on the stage, the stage was hoisted to the required level of operation. The gun current was stabilized before the pattern of pores was fed to the computer, which controls the FIB. Controlling, FIB beam enables us to drill pores of specified porosity and dimension with precise placement. Figure 5 clearly shows that the drilling of the pores has gone all through the membrane. If a closer look is taken at the pores on the right hand side of Figure 5 , we are able to see the plane of silicon, which was made by back etching. The pore on the left side of the image was made at a place where the silicon was not etched to form the membrane.
V. TESTING OF MEMBRANES FOR STABILITY
The silicon nitride membranes thus fabricated were tested for mechanical stability, using a pressure sensor characterization setup. The setup has a probe tip, a load cell that is used to apply force on the membrane, and a computer to control the movement of the probe. The load cell has a resolution of 1 milligram. The set-up can apply a maximum load of 10 grams in weight. The sample was placed in the stage, and the probe was moved down on the membrane in steps of 2 µm up to 50 µm.
The diameter of the probe was taken as 500 µm. Using the diameter of the probe, the pressure exerted on the membrane by the probe was calculated. The non-porous membranes were subjected to pressures ranging from 500 Pa to 2.12x10 5 Pa. There was no visible damage on the membrane due to applied load. This verifies that the membrane can be subjected to high pressures without any appreciable damage to the membrane. Table III details the different porous membranes fabricated using FIB. The non-porous membrane showed a slightly higher pressure exerted, for the same displacement. The pressure exerted on the membrane for the same displacement was found to be relatively similar to the non-porous membrane with increase in the porosity of the membrane. This can be attributed to the high yield strength of silicon nitride, which is in the order of 304 GPa. Figure 6 shows the membrane displacement versus applied pressure for both porous and non-porous membranes. 
V.a. Simulation for mechanical stability
The mechanical stability of the membranes were simulated for the tested conditions. The experimental setup was recreated in a virtual environment using Coventorware®. A 3-D model of the structure was first formed corresponding to each porosity value. For the simulation purposes, only the membrane layer of the silicon nitride was used. The mesh element was chosen as extruded bricks with parabolic elements, due to higher number of points at which the membrane is probed. For all our simulation runs, we employed the four-fold symmetry of the rectangular membrane, thus saving computation time. In the experiment, a 500 µm diameter probe tip was used. In order to emulate this, a patch of 500 µm diameter was created on the membrane surface, and a uniform pressure was applied on that patch. The two sides of the membrane were fixed, a uniform load of 0 MPa to 0.25 MPa was applied on the top surface in steps of 0.05 MPa. These values correspond to 0 cm to 2550 cm of water pressure, respectively. 0.04 MPa (450 cm of water) is the maximum pressure, which is to be experienced by the membrane during normal operation. The results of simulation for different porous membranes are tabulated in Table IV . 
V.b. Comparison of simulation and experimental study results
In order to verify the experimental results with those obtained from the computer simulations, a sample membrane of 0.2 % porosity was chosen. As seen in Figure 7 , at the applied pressure of 0.05 MPa, the simulation and experimental results agree with each other within experimental error. Since the range of pressure that the membrane will be subjected during typical use is even less than this value, we are confident that the membrane's mechanical strength is established both experimentally and theoretically. For higher values of pressure, 0.15 MPa to 0.2 MPa, the porous membranes show a displacement values close to 50 microns. The simulation results for the mechanical study of the membrane resulted in a considerably less displacement for the same pressure range.
This could be because of the following reasons: (1) The calculation of the pressure exerted on the membrane was done assuming that the probe tip has a diameter of 500µm. In reality, the part of the probe, which is in contact with the membrane, has a smaller diameter. Since the area, which is in contact with the membrane is less; the pressure exerted on the membrane is higher than calculated. (2) The simulation assumes that there is uniform pressure throughout the circular patch defined on the membrane. In reality, this will not be the situation, as the membrane will wrap around the tip of the probe thus displacing farther. This effect would be more prominent at higher applied pressures, thus, making the discrepancy between the experiment and the simulations more pronounced.
VI. CONCLUSION Nanoporous membranes of precise pore diameter and placement have been designed and successfully fabricated for possible use as gas exchange membranes in blood oxygenators. The initial tests prove a high potential for these nanostructures thin films as oxygenation membranes.
